Introduction {#sec1}
============

Oxidative stress is a hallmark in numerous chronic and degenerative diseases associated with environmental factors. This stress can result in the formation and buildup of oxysterols (cholesterol-derived oxidation products) and other lipid-derived oxidation products. These lipid oxidation products exhibit toxicity and have been implicated in the pathogenesis of a variety of diseases, including atherosclerosis^[@ref1],[@ref2]^ neurodegenerative disorders,^[@ref3],[@ref4]^ and age-related macular degeneration.^[@ref5],[@ref6]^ One significant source of oxidative stress is exposure to ozone, a main component of urban smog. Human exposure to biologically relevant levels of ozone is clearly linked to respiratory illnesses, such as asthma.^[@ref7]−[@ref9]^ Because ozone can travel in the air, both urban and rural populations can experience related adverse health effects.

Ozone is highly reactive with unsaturated lipids, such as cholesterol, which is present in the pulmonary surfactant lining the lungs.^[@ref10]−[@ref12]^ Ozone exposure studies in human pulmonary surfactant^[@ref13]^ and bronchoalveolar lavage fluid and lung tissue of mice and rats^[@ref10],[@ref14]^ show that the double bond of cholesterol is oxidized to afford various potentially reactive compounds, including epoxides and aldehydes. These resulting oxysterols exhibit diverse biological activities, including cytoxicity,^[@ref13],[@ref15],[@ref16]^ inducing apoptosis,^[@ref17],[@ref18]^ and altering membrane properties.^[@ref19],[@ref20]^ Several of these ozone-derived oxidation products are electrophilic, meaning that they could react with the nucleophilic lysine, cysteine, and/or histidine residues of proteins to form covalent linkages. In fact, a number of studies demonstrated modification of specific proteins with cholesterol ozonolysis products.^[@ref21]−[@ref25]^

Covalent modification with electrophilic lipid oxidation products can affect protein function. For example, the cholesterol ozonolysis products secosterol A (seco A) and/or secosterol B (seco B) (both shown in Figure [1](#fig1){ref-type="fig"}) modify β-amyloid,^[@ref23]^ p53,^[@ref26]^ apolipoprotein C-II,^[@ref22]^ myelin basic protein,^[@ref25]^ and antibody light chains,^[@ref24]^ among other proteins. These modifications have been shown or are assumed to occur between the electrophilic aldehyde moiety of the secosterol and a nucleophilic lysine residue on the protein. The resulting secosterol adduction induces and accelerates amyloidogenesis *in vitro*([@ref27]) and may play a role in the initiation and progression of various diseases, including Alzheimer's disease, cancer, atherosclerosis, and multiple sclerosis.

Covalent lipid modification increases the overall hydrophobicity of a modified protein; this added hydrophobicity can affect a protein's localization. For example, palmitoylation can enable the lipidated proteins to associate with membranes and localize in lipid rafts/caveolae.^[@ref28],[@ref29]^ Modification with oxysterols also confers significant hydrophobicity to the modified protein. Because of the added hydrophobicity, lipidated proteins can be challenging to study; however, exploiting hydrophobicity is central to many methods employed to isolate and study membrane proteins.^[@ref30]−[@ref32]^

We have developed a straightforward method to test a lipid's ability to modify proteins: alkynyl lipid probes are allowed to react with protein, and any lipid-modified proteins are clicked with an azido-biotin reagent^[@ref33]^ via Huisgen--Sharpless cycloaddition^[@ref34],[@ref35]^ and subsequently detected by a fluorescent streptavidin conjugate.^[@ref36]^ Here, we synthesized alkynyl analogs of several cholesterol-derived ozonolysis products and used these probes to determine the most protein-reactive oxysterol(s). Several model adduction studies with an amino acid, peptides, and proteins explored the identity of the reacting oxysterol, revealing the potential involvement of secosterol dehydration products in adduction. As prelude for studying more complex biological samples, hydrophobic methods were developed to enrich model systems in secosterol-modified peptides, and LC-MS/MS analyses elucidated a characteristic fragmentation pattern of secosterol--peptide adducts.

Materials and Methods {#sec2}
=====================

Synthetic Procedures {#sec2.1}
--------------------

^1^H and ^13^C NMR spectra were collected on a 300, 400, or 600 MHz NMR. HRMS (high resolution mass spectrometry) analyses for small molecules were carried out at the University of Notre Dame. Purification by column chromatography was carried out on silica gel, and TLC plates were visualized with phosphomolybdic acid. The syntheses of alkynyl cholesterol (*a*-Chol) and alkynyl 7-ketocholesterol (*a*-7-ketoChol) have been previously reported.^[@ref36]^ Full synthetic procedures for the remaining alkynyl lipids are described in the [Supporting Information](#notes-1){ref-type="notes"}. CholEp (3:1 α to β),^[@ref13]^ secosterols A and B,^[@ref37]^ and their dehydration products^[@ref37],[@ref38]^ were synthesized as previously described.

Alkynyl Oxysterol Treatment of Human Serum Albumin (HSA) and Biotinylation of Alkynyl (*a*) Lipid-Adducted Proteins {#sec2.2}
-------------------------------------------------------------------------------------------------------------------

Solutions of HSA (1 mg/mL) and alkynyl (*a*)-oxysterol (20 μM) in 10 mM ammonium bicarbonate buffer (pH 7.4) were incubated at room temperature overnight with stirring. For the experiment testing the *a*-seco A concentration dependence of HSA adduction, *a*-seco A concentrations of 0--100 μM were assayed. The samples were reduced with sodium borohydride (5 mM, 1 h at room temperature) to stabilize any adducts that may have formed and neutralized with 10% HCl. The following click reagents were added to each of the samples: azido-biotin reagent (0.2 mM),^[@ref33]^ tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) ligand (0.2 mM),^[@ref39]^ copper sulfate (1 mM), and sodium ascorbate (1 mM), and the samples were vortexed and allowed to stir for 2 h at room temperature in the dark.

Analysis of Streptavidin-Labeled Proteins {#sec2.3}
-----------------------------------------

Biotinylated proteins were resolved using 10% NuPAGE Novex BisTris gel (Life Technologies, Carlsbad, CA). Precision Plus Protein Kaleidoscope standards (10--250 kDa, Bio-Rad) were electrophoresed on the same gel for reference. The proteins were transferred electrophoretically to a polyvinylidene fluoride membrane (Life Technologies, Grand Island, NY) and probed with streptavidin conjugated with the Alexa Fluor 680 fluorophore (Life Technologies). Biotinylated proteins were visualized using the Odyssey Infrared Imaging System and Odyssey software according to the manufacturer (Licor, Lincoln, NE). Integrated intensities were obtained using the Odyssey software.

Modification of AcTpepX (Ac-AVAGXAGAR, X = K or H) or *N*-AcLys by Oxysterols {#sec2.4}
-----------------------------------------------------------------------------

A solution of AcTpepX (1 mM) or *N*-AcLys (5 mM) and oxysterol (5 mM) in 50 mM phosphate buffer (pH 7.4):CH~3~CN (100 μL, 1:1 by volume) was incubated at 37 °C for 1--3 h. Samples containing secosterols were reduced with 2 M NaBH~4~ (10 μL) and then neutralized with 10% HCl for LC-MS analysis. Reverse-phase HPLC was performed on a Supelco Discovery C18 column (150 mm × 2.1 mm, 5 μm) using a mobile phase consisting of A: 0.05% TFA in H~2~O and B: 0.05% TFA in CH~3~CN. Although TFA sometimes suppresses ionization, resolution of the peaks was optimal with TFA as the additive. It did not significantly affect ionization in this case. The unreacted peptide and adducts were eluted with a gradient of 5% to 35% B over 20 min, then to 100% B over 5 min and held for 20 min, and back to 5% B over 5 min. The MS was operated in the positive-ion mode using electrospray ionization with conditions optimized for AcTpepK. For LC-MS/MS analysis, 35% normalized collision energy was used.

Modification of Cytochrome *c* (Cyt *c*) by Seco A and Secosterol Dehydration Products, MALDI-TOF Analysis, and Trypsinization {#sec2.5}
------------------------------------------------------------------------------------------------------------------------------

Cyt *c* (40 μM) was incubated in the presence of seco A, seco A--H~2~O, seco B--H~2~O (I), seco B--H~2~O (II), or seco B--2H~2~O (400 μM) in 10 mM NH~4~HCO~3~ buffer (pH 7.4) at room temperature overnight with stirring. Modified cyt *c* sample (1 μL) was spotted onto a MALDI target plate. A saturated solution of α-cyano-4-hydroxycinnamic acid (CHCA) matrix in H~2~O/CH~3~CN/TFA (50/50/0.1) (1 μL) was then spotted onto the same position of the MALDI plate. The modified cyt *c* and the matrix were immediately mixed by pipetting up and down twice and allowed to dry before sample analysis. MALDI-TOF-MS analyses were performed on a PerSeptive Biosystems Voyager-DE STR MALDI-TOF equipped with a pulsed N~2~ laser. Protein spectra were collected with an accelerating voltage of 20 kV in positive ion linear mode. Each spectrum was the accumulation of 1000 laser shots, with a laser intensity of 2200--2300 that was optimized for each spectrum to provide the best signal-to-noise ratio.

For the seco A-treated cyt *c* sample, to enable identification of sites of secosterol modification, the cyt *c* mixture was trypsinized using the following protocol: Trypsin (1:50 = w:w, trypsin:cyt *c*) was added, and the protein was allowed to digest for 4 h at 37 °C. Prior to LC-MS/MS analysis, either Folch extraction or solid phase extraction (SPE) (*vide infra*) was employed to enrich this solution in secosterol-modified peptides. The organic layer resulting from Folch extraction or the resulting SPE fractions were then analyzed by LC-MS/MS.

Folch Extraction {#sec2.6}
----------------

A mixture of unmodified and seco-modified peptides in 10 mM NH~4~HCO~3~ buffer (pH 7.4,100 μL) was diluted with chloroform and methanol in a ratio of 8:4:3 chloroform/methanol/buffer. The Folch solution was vortexed and centrifuged briefly to allow distinct organic and aqueous layers to separate. Each layer was subsequently analyzed by LC-MS using conditions described above for peptides.

Solid Phase Extraction (SPE) Fractionation {#sec2.7}
------------------------------------------

A C18 SPE cartridge (Sep-Pak Vac, 1 cm^3^, 50 mg sorbent, 55--105 μm particle size; Waters, Milford, MA) was conditioned with CH~3~CN/0.1% TFA (1 mL). The SPE cartridge was then flushed with 1 mL of water/0.1% TFA. The sample (e.g., seco-modified angiotensin II in 100 μL of buffer) was loaded onto the cartridge and separated using gradient elution (2 × 0.5 mL of each of the following): 10, 30, 50, and 90% CH~3~CN in H~2~O (0.1%TFA). Each 0.5 mL fraction was collected separately. Samples were either concentrated or analyzed directly using LC-MS/MS and/or MALDI-TOF-MS.

MALDI-TOF-MS Analysis of SPE Fractions {#sec2.8}
--------------------------------------

For SPE fractions containing \<50% CH~3~CN, the sample (0.7 μL) was spotted on a MALDI target, followed by a saturated solution of CHCA matrix in H~2~O/CH~3~CN/TFA (50/50/0.1) (1 μL). The sample and matrix were immediately mixed by pipetting up and down twice and allowed to dry before sample analysis. Because of the volatility of organic solvents, sample preparation, specifically on-plate sample-matrix mixing, for MALDI analysis of samples containing significant amounts of organic solvent, can be difficult. For MALDI-TOF-MS analysis of SPE fractions containing ≥50% MeCN, the sample (0.7 μL) was spotted on a MALDI target, followed by a saturated solution of CHCA matrix in H~2~O/MeCN/TFA (50/50/0.1) (1 μL), followed by an additional 0.7 μL of the sample. The sample and matrix were immediately mixed by pipetting up and down twice and allowed to dry before sample analysis. This three-layer spotting technique ensured that the organic layer and matrix were sufficiently mixed to allow for analysis. Each MALDI-TOF-MS spectrum was the accumulation of 1000 laser shots, with a laser intensity of 1900--2100 that was optimized for each spectrum to provide the best signal-to-noise ratio.

HSA Modification with Seco A and Seco B {#sec2.9}
---------------------------------------

Refer to [Scheme S1](#notes-1){ref-type="notes"} for an outline of the general workflow for the experiments described here: HSA (1 mL, 4 mg/mL, 1X PBS) was incubated with seco A (1 mM) for 4 h at 37 °C. The reaction mixture was reduced with NaBH~4~ (20 mM) at room temperature for 1 h. Excess NaBH~4~ was removed using a Nanosep10K Omega (Pall) filter, and the volume of the reaction mixture was adjusted to 1 mL with 100 mM ammonium bicarbonate. DTT (10 mM) was added and incubated for 10 min at 50 °C, followed by iodoacetamide treatment (20 mM) in the dark for 10 min at RT. Trypsin (1:50 = w:w, trypsin:HSA) was added to the reaction mixture and incubated at 37 °C overnight. The digested peptides were loaded onto a preconditioned OASIS HLB (60 mg, 3 cm^3^) following the manufacturer's protocol (Waters, Milford, MA). After a 1 mL H~2~O washing step, peptides were eluted and collected as described above in SPE fractionation. Collected fractions were evaporated to dryness in a SpeedVac concentrator and resuspended in 100 μL of H~2~O with 0.1% formic acid for LC-MS/MS analysis. The same procedure was followed for modification with seco B, except HSA was incubated with 0.2 mM seco B at 37 °C overnight.

LC-MS/MS (Data Dependent Neutral Loss MS^3^) Analysis of Secosterol-Modified, Trypsin-Digested Proteins {#sec2.10}
-------------------------------------------------------------------------------------------------------

The peptide solution (secosterol-treated, trypsinized protein) was separated using an Eksigent NanoLC Ultra HPLC and autosampler. The analytical column was packed with C18 resin (Jupiter, 3 μm, 300 Å, Phenomenex) in a capillary column (20 cm length, 360 μm O.D. × 100 μm I.D.). Peptides were eluted using a gradient as follows: 0--14.5 min, 2% B; 14.5--15 min, 2 to 5% B; 15--35 min, 5 to 35% B; 35--55 min, 35 to 99% B; 55--75 min, 99% B; and 75--90 min, 99 to 2% B at a flow rate of 500 nL/min (solvent A: 0.1% formic acid in H~2~O, solvent B: 0.1% formic acid in CH~3~CN). Eluting peptides were mass analyzed on an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) followed by a data dependent neutral loss (DDNL) MS^3^ method with dynamic exclusion enabled. Full-scan (*m*/*z* 350--2000) spectra were acquired with the Orbitrap mass analyzer (resolution 30,000), and the six most abundant ions in each MS scan were selected for fragmentation in the LTQ. An isolation width of 2 *m*/*z* units, activation time of 10 ms, and 35% normalized collision energy were used to generate MS^2^ spectra followed by MS^3^ neutral loss from MS^2^ with an isolation width of 2.2 *m*/*z* units. Neutral loss mass scans are enabled with the five most abundant in each MS^2^ with loss of *m*/*z* 390.349 (singly charged species), 195.175 (doubly charged species), and 130.120 (triply charged species). Dynamic exclusion settings allowed for a repeat count of 1 within a repeat duration of 15 s, and the exclusion duration time was set to 30 s. For identification of HSA peptides, tandem mass spectra were processed in BumberDash Tools,^[@ref40]^ version 1.4.110, and searched by Myrimatch algorithm^[@ref41]^ with a custom-built subset database originated from Homo_sapience_GRCh37-59_Cntm_r (2010_11-18). The sequence database was reversed so that each protein sequence appeared in both normal and reversed orientations, enabling false discovery rate estimation. MyriMatch was configured to have dynamic modifications of +57.021 for carbamidomethyl to Cys and 400.3342, 402.3498, 404.3654, 384.3342, and 386.3498 Da for \[Cys,Lys,His\]. MS^3^ spectra generated from DDNL were separately processed using ProteoWizard msConvert tool^[@ref42]^ to convert to mzXML format, followed by Myrimatch search. In this case the configuration was consistent with dynamic modifications of +57.021 for carbamidomethyl to Cys and +12.00 for Lys residue. Protein assembly was handled by IDPicker algorithm, version 2.1.6710.^[@ref43]^

Results {#sec3}
=======

Synthesis of Alkynyl Lipids and Alkynyl Lipid Electrophiles {#sec3.1}
-----------------------------------------------------------

A series of cholesterol-derived oxysterols, several of which are established cholesterol ozonolysis products, were prepared according to known procedures^[@ref13],[@ref37]^ along with their corresponding alkynyl analogs (Figure [1](#fig1){ref-type="fig"}). Incorporation of the triple bond in place of the C24 isopropyl group of cholesterol introduces a minimal perturbation from the endogenous lipid structure. In previous studies, we demonstrated that alkynyl cholesterol (*a*-Chol) could be incorporated into Neuro2a cells and metabolized to the *a*-Chol fatty acid esters in a transformation identical to that of endogenous cholesterol. The immediate biosynthetic precursor to *a*-Chol, *a*-7-dehydrocholesterol, was also converted to *a*-Chol and its esters in cells, suggesting that alkynyl sterols are appropriate surrogates for the endogenous lipids in cell studies.^[@ref36]^ The terminal alkyne moiety in our lipid probes allows for attachment of a biotin tag via click reaction with an azido-biotin reagent.^[@ref33]^ The biotin tag can be used for visualization of proteins adducted with the oxysterols and/or enrichment techniques.

![Library of cholesterol-derived oxysterols and several alkynyl sterol analogs.](tx-2014-00229h_0001){#fig1}

Human Serum Albumin Modification with Alkynyl Sterol Probes {#sec3.2}
-----------------------------------------------------------

With a set of alkynyl oxysterols in hand, we set up assays to determine the relative reactivity of their covalent attachment with protein nucleophiles. To survey our cholesterol-derived oxysterols for protein reactivity, buffer solutions of HSA were treated with each of the alkynyl oxysterol electrophiles shown in Figure [1](#fig1){ref-type="fig"}. The adducts were stabilized by reduction with NaBH~4~ and then reacted with the azido-biotin reagent shown in Figure [2](#fig2){ref-type="fig"}. Any alkynyl sterol-modified proteins can then be visualized by streptavidin-Alexa Fluor 680. A general scheme depicting the procedure is shown in Figure [2](#fig2){ref-type="fig"}.

![General experimental workflow, including the azido-biotin reagent used for click biotinylation of alkynyl lipid-modified proteins.](tx-2014-00229h_0002){#fig2}

The alkynyl secosterols (*a*-seco A and *a*-seco B) yielded the most protein adduction of the alkynyl oxysterols tested, as determined by streptavidin fluorophore intensity (Figure [3](#fig3){ref-type="fig"}A). *a*-7-KetoChol gave no evidence of HSA adduction while *a*-CholEp afforded relatively low levels of protein modification. The relatively low level of *a*-CholEp--protein adduction found here agrees with a previous report that the 5,6-epoxides of endogenous cholesterol are remarkably unreactive toward nucleophiles.^[@ref44]^ The reactivity of the cholesterol epoxides is in contrast to the epoxide derived from 7-dehydrocholesterol, an allylic epoxide that readily adducts to cellular proteins.^[@ref36]^ Integrated intensities for the streptavidin fluorophore analyses of alkynyl lipid--HSA adduction indicate the extent of HSA modification by each probe (Figure [3](#fig3){ref-type="fig"}B).

Figure [3](#fig3){ref-type="fig"}C and D shows the dependence of protein modification on the concentration of the *a*-seco A probe. Thus, buffer solutions of HSA were treated with *a*-seco A at varying concentrations (0--100 μM), and biotinylated proteins were visualized using the streptavidin fluorophore (Figure [3](#fig3){ref-type="fig"}C), with the integrated intensities (Figure [3](#fig3){ref-type="fig"}D) showing that the amount of protein lipidation increases with increasing concentration of alkynyl lipid electrophile. The results shown in Figure [3](#fig3){ref-type="fig"}B and D are extracted directly from a single gel.

Modification of a Peptide and an Amino Acid with Oxysterols: Model Studies {#sec3.3}
--------------------------------------------------------------------------

Having confirmed that the secosterols were protein-reactive, the chemistry of adduct formation was explored in greater detail. A peptide containing one nucleophilic site (Lys), Ac-Ala-Val-Ala-Gly-Lys-Ala-Gly-Ala-Arg (AcTpepK), was chosen as a model peptide. The peptide (1 mM) was incubated in the presence of the electrophile (5 mM) at 37 °C for 1 h. The reaction mixture was then reduced with NaBH~4~ to stabilize any adducts that form reversibly, and the solution was then neutralized and analyzed by LC-MS. While AcTpepK gave no evidence for formation of an adduct with CholEp and 7-ketoChol, both seco A and seco B gave rise to products with a mass corresponding to a peptide--oxysterol adduct (see [Figure S1A--S1C](#notes-1){ref-type="notes"} for the LC-MS evidence). MS/MS analysis confirms that the product is a peptide with secosterol modification at the lysine residue (*vide infra*). This is likely the product that arises from reaction of the lysine amine side chain with the seco aldehyde. It is of some interest that the peptide--sterol adducts have chromatographic behavior on reverse-phase columns more like the free oxysterol than the unmodified peptide; both the peptide--sterol adducts and free oxysterols elute after the mobile phase reaches 100% organic solvent.

![HSA modification with alkynyl oxysterol electrophiles. (A) Streptavidin fluorophore visualization of HSA modification with alkynyl oxysterols (20 μM). \[The higher weight protein (∼130 kDa) is HSA dimer.\] (B) Integrated intensities from streptavidin fluorophore analysis of HSA modification with alkynyl oxysterols. (C) Streptavidin fluorophore visualization of HSA modification with different concentrations of *a*-seco A. \[The higher weight protein (∼130 kDa) is HSA dimer.\] (D) Integrated intensities from Western blot analysis of HSA modification with different concentrations of *a*-seco A. Alkynyl sterol-adducted protein was tagged with biotin via click reaction and labeled with the streptavidin-AlexaFluor 680 conjugate. The fluorophore was detected and integrated intensities were obtained using the Odyssey Infrared Imaging System and Application Software. For each streptavidin fluorophore analysis, the lane with the lowest integrated intensity was set to 0.](tx-2014-00229h_0003){#fig3}

*N*-Acetyl lysine was chosen as a simple model nucleophile to investigate the fundamental stability and reactivity of the secosterols. In model studies, seco A and seco B were each incubated in the presence of *N*-acetyl lysine with subsequent NaBH~4~ reduction, and the adduction products before and after reduction were analyzed by LC-MS. Analyzing the product masses before and after reduction should shed light on the reactive moiety in the secosterol by considering the number of mass units added through reduction. Reaction of seco B with *N*-acetyl lysine afforded a product with *m*/*z* = 589 before reduction and *m*/*z* = 591 (\[M + H\]^+^) after reduction (Figure [4](#fig4){ref-type="fig"}A and B, respectively), which likely results from the expected imine formation at the aldehyde with the amine side chain and subsequent reduction. Product analysis of the incubation of seco A with *N*-acetyl lysine was less straightforward. Before reduction, only one product with *m*/*z* = 589 was observed, suggesting lysine imine formation at the secosterol aldehyde ([Figure S2A](#notes-1){ref-type="notes"}). However, there are four products observed after NaBH~4~ reduction ([Figure S2B](#notes-1){ref-type="notes"}). One product corresponds to the reduced seco B-Lys adduct, resulting from seco A isomerization to seco B either prior to or following *N*-acetyl lysine modification. Two diastereomeric products have *m*/*z* = 593, a net addition of four hydrogen atoms resulting from complete reduction of the seco A-Lys imine adduct. The final product with *m*/*z* = 591 is a seco A-Lys adduct in which the ketone remains unreduced after treatment with NaBH~4~, suggesting that the ketone is resistant to reduction (confirmed in [Figure S3A--C](#notes-1){ref-type="notes"}).

![LC-MS analysis of seco B-Lys products before and after reduction. (A) Products of seco B incubation with *N*-acetyl lysine, before reduction. (B) Products of seco B incubation with *N*-acetyl lysine, after reduction.](tx-2014-00229h_0004){#fig4}

Using *N*-acetyl lysine as the limiting reagent allowed for analysis of the remaining unadducted secosterol, in addition to the Lys-secosterol adducts. After incubation in the presence of *N*-acetyl lysine, a significant amount of seco A was converted to seco B ([Figure S4](#notes-1){ref-type="notes"}). Isomerization of seco A to seco B proceeded with continued incubation, as shown in the LC-MS analysis after 5 h ([Figure S4D](#notes-1){ref-type="notes"}), eventually leading to seco B as the major isomer. This facile isomerization is well established; transient imine formation between the aldehyde of seco A and the amine groups of proteins has been shown to catalyze the conversion of seco A to seco B via an aldol reaction.^[@ref21],[@ref37]^ There is also evidence for dehydration of seco A at longer incubation times (data not shown). These studies highlight an important consideration: the initial secosterol electrophile introduced into a system may not be the primary reactive electrophile; although we initially treat a system with seco A, the adduction results may better reflect the reactivity of seco B or some other electrophile to which seco A has converted over the course of the reaction.

Secosterol--Histidine Adduction on Cytochrome *c* (Cyt *c*) {#sec3.4}
-----------------------------------------------------------

Cyt *c* is an attractive model protein for adduction experiments due to its small size (12 kDa), which allows for straightforward monitoring of increases in molecular weight resulting from lipid electrophile covalent attachment. Incubation of cyt *c* and seco A in pH 7.4 buffer yielded significant protein modification that can be observed by MALDI-TOF-MS analysis (Figure [5](#fig5){ref-type="fig"}, inset). High resolution FTMS measurement confirmed a nonreduced secosterol adduct to the cyt *c* tryptic peptide TGPNLHGLFGR by a mass difference of 6 ppm. The *b* and *y* ions in the LC-MS/MS analysis of the trypsinized protein suggested adduction of the secosterol at His-33, the first confirmed secosterol modification at a nonlysine residue (Figure [5](#fig5){ref-type="fig"} and [Figure S5](#notes-1){ref-type="notes"}). This histidine residue has been shown to be a site of modification by other lipid electrophiles, namely 4-hydroxynonenal (HNE).^[@ref45]−[@ref47]^ However, unlike HNE, neither seco A nor seco B contains a Michael acceptor, a typical site of nucleophilic attack by histidine.

![High resolution FTMS analysis of cyt *c* tryptic peptide^[@ref28]^TGPNLH(secoA-H~2~O)GLFGR (precursor *m*/*z* 784.9827 \[M+2H\]^2+^, mass error 1 ppm). Reaction mixture was not reduced with NaBH~4~ prior to trypsin digestion. Green dotted line denotes precursor ion. Singly and doubly charged *b* and *y* ions are highlighted with purple and blue, respectively. Significant water loss ions are observed at *m*/*z* 775 and 767 (−1H~2~O and −2H~2~O, respectively). Total loss of seco A is observed, displaying *m*/*z* 1168.7 \[M + H\]^+^ and 585.0 \[M+2H\]^2+^. *b* and *y* ions containing seco A, including *b*~6~ and *y*~6~, indicate that the seco A is adducted at the H-33 position. Inset: MALDI-TOF-MS analysis of secosterol-modified cyt *c* (intact modified protein). (FTMS/MS is provided in [Figure S5A--C](#notes-1){ref-type="notes"}.)](tx-2014-00229h_0005){#fig5}

While secosterols A and B have electrophilic aldehyde groups, histidine attack on these moieties is not expected; rather, lysine residues are common nucleophiles in reaction with aldehydes. Indeed, previous work had established Lys-22 of cyt *c* as the main site of seco B modification under SDS micellar conditions^[@ref48]^ with no evidence of histidine adduction. In an SDS environment, the tertiary structure of cyt *c* is transformed to mimic membrane-bound cyt *c*;^[@ref49]^ this alternative conformation may allow the secosterol to experience previously less accessible hydrophobic interactions around Lys-22 and modify cyt *c* at this site, whereas in the buffer solution used in this work, cyt *c* adopts a tertiary structure that may reduce access to Lys-22 and encourage the secosterol to react with the hydrophilic, solvent-exposed His-33. To explore the reactivity of seco A with His residues, a model peptide containing one nucleophilic site (His), Ac-Ala-Val-Ala-Gly-His-Ala-Gly-Ala-Arg (AcTpepH), was incubated with either seco A or seco A--H~2~O in pH 7.4 buffer. In both cases, LC-MS analysis of the product mixture showed evidence of a product with a mass corresponding to a peptide--seco A--H~2~O adduct ([Figure S6A](#notes-1){ref-type="notes"}). LC-MS/MS analysis confirmed histidine as the site of modification, the most nucleophilic residue of *N*-terminal-protected AcTpepH ([Figures S6C and S6D](#notes-1){ref-type="notes"}). After NaBH~4~ treatment, a mixture of dehydrated seco A and seco B adducts was observed with an addition of 2 and 4 mass units, respectively, indicating that the ketone is resistant to reduction, as we observed previously ([Figure S6E and S6F](#notes-1){ref-type="notes"}). This observation suggests that seco A must undergo dehydration prior to adduction followed by aldol reaction.

![Secosterol dehydration products and their reactivity. (top scheme) Secosterols and their dehydration products. MALDI-TOF-MS analysis of cyt *c* modification with secosterol dehydration products. (A) Modification with seco A--H~2~O. (B) Modification with seco B--H~2~O (II). (C) Modification with seco B--H~2~O (I). (D) Modification with seco B--2H~2~O. (E) Streptavidin fluorophore visualization of HSA modification with *a*-seco A compared to *a*-seco A--H~2~O. \[The higher weight protein (∼130 kDa) is HSA dimer.\] (F) Integrated intensities from streptavidin fluorophore analysis of HSA (1 mg/mL) modification with *a*-seco A (20 μM) compared to *a*-seco A--H~2~O (20 μM). Alkynyl sterol-adducted protein was tagged with biotin via click reaction and labeled with the streptavidin--AlexaFluor 680 conjugate. The fluorophore was detected and integrated intensities were obtained using the Odyssey Infrared Imaging System and Application Software. For each streptavidin fluorophore analysis, the lane with the lowest integrated intensity was set to 0.](tx-2014-00229h_0006){#fig6}

The identification of a histidine residue (His-33) on cyt *c* as a site of secosterol modification forced a reconsideration of possible electrophiles that may be formed from seco A. Seco A can undergo cyclization via an aldol reaction to form seco B,^[@ref37]^ and both seco A and seco B can lose one^[@ref50]^ or two water molecules, affording the dehydration products shown in Figure [6](#fig6){ref-type="fig"}. Dehydration products seco A--H~2~O and seco B--H~2~O (I) do contain an α,β-unsaturated carbonyl, a prototypical Michael acceptor that might explain the observation of secosterol covalent attachment at cyt *c* His-33.

The dehydration products seco A--H~2~O, seco B--H~2~O (I), seco B--H~2~O (II), and seco B--2H~2~O were prepared according to literature procedures.^[@ref37],[@ref38]^ MALDI-TOF-MS analysis indicated protein adduction of cyt *c* with all of the compounds except for the double dehydration product seco--2H~2~O (Figure [6](#fig6){ref-type="fig"}A--D). These experiments all suggest that electrophiles generated by dehydration play a major role in the protein adduction, and this was confirmed by studies of the alkynyl analog, *a*-seco A--H~2~O. Both *a*-seco A and *a*-seco A--H~2~O were prepared, and each was incubated with HSA, as previously described following the protocol outlined in Figure [2](#fig2){ref-type="fig"}. The resulting solutions were reduced with NaBH~4~ and treated with the azido-biotin reagent, and alkynyl sterol-modified proteins were visualized with streptavidin Alexa Fluor 680. The relative intensities for the fluorescent signal indicated the extent of HSA modification by each probe (Figure [6](#fig6){ref-type="fig"}E and F). Under these reaction conditions, the dehydration product of *a*-seco A (*a*-seco A--H~2~O) produced a comparable amount of protein adduction to the parent secosterol (*a*-seco A) itself. This result supports the notion that secosterol dehydration products contribute to the reactivity of secosterols with proteins. Because dehydrated *a*-seco A contains an α,β-unsaturated ketone, nucleophilic protein residues may react with the electrophilic secosterol through either Schiff base formation at the aldehyde or Michael addition. Considering dehydration products containing a Michael acceptor in the overall scheme of secosterol reactivity introduces the previously unrecognized possibility of protein modification at histidine side chains.

Enrichment Methods and MS^n^ Analysis of Secosterol--Peptide Adducts {#sec3.5}
--------------------------------------------------------------------

Sterols and the seco-sterols are hydrophobic, and methods were investigated to separate sterol-modified peptides from unmodified peptides based on hydrophobicity. Thus, a mixture of secosterol-adducted AcTpepK and unmodified AcTpepK was submitted to Folch extraction,^[@ref51]^ and the resulting organic and aqueous layers were analyzed by LC-MS (Figure [7](#fig7){ref-type="fig"}). This analysis showed that the majority of the secosterol-modified peptide was extracted into the organic phase and suggests that hydrophobic separations may find use in the enrichment of sterol-adducted peptides and proteins. Solid phase extraction with a reverse-phase (C18) SPE cartridge on a mixture of unmodified angiotensin II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) and angiotensin II modified with seco A also showed a complete separation of the modified peptide from the unmodified peptide (Figure [8](#fig8){ref-type="fig"}). This model study demonstrates the potential use of SPE as a preparative enrichment method for peptides modified with oxysterol electrophiles.

![Folch extraction of seco B-adducted AcTpepK. (A--C) LC-MS analysis. (A) Seco B-adducted AcTpepK. (B) Aqueous phase of Folch-extracted mixture. (Additional AcTpepK was spiked into initial mixture prior to Folch extraction.) (C) Organic phase of Folch-extracted mixture.](tx-2014-00229h_0007){#fig7}

![MALDI-TOF-MS analysis of reverse-phase SPE of a secosterol-modified peptide. (A) Mixture of unmodified and secosterol-modified angiotensin II (M = Asp-Arg-Val-Tyr-Ile-His-Pro-Phe). (B) SPE fractions eluted with 10% CH~3~CN in water with 0.1% TFA contain unmodified angiotensin II. (C) SPE fractions eluted with 50--100% CH~3~CN in water with 0.1% TFA contain secosterol-modified angiotensin II.](tx-2014-00229h_0008){#fig8}

The MS/MS fragmentation of a model peptide modified with a secosterol was investigated to establish characteristic fragmentation associated with secosterol-modified peptides (e.g., neutral loss of the secosterol) to provide a basis for identifying secosterol-modified peptides in a complex proteomic analysis. In a preliminary study of the AcTpepK--seco B lysine imine adduct, the dominant peaks observed were due to loss of water (\[M + 2H -- H~2~O\]^2+^ and \[M + 2H -- 2H~2~O\]^2+^) ([Figure S7](#notes-1){ref-type="notes"}). The borohydride-reduced peptide--seco B adduct gave a dominant ion at *m*/*z* = 427.9 in the MS^2^ spectrum (Figure [9](#fig9){ref-type="fig"}B). Apparently, this fragment ion is due to cleavage at the C--C bond between the secosterol core and the reduced imine group. Cleavage in this position should result in a neutral loss of 390 Da (most of the secosterol), and the ability to identify seco B-modified AcTpepK via an LC-MS/MS/MS neutral loss experiment was confirmed, exhibiting fragment ions with +12 *m*/*z* relative to the ions observed from the parent peptide (Figure [9](#fig9){ref-type="fig"}A and C). This unique fragmentation may be useful in identifying secosterol-modified peptides during proteomic analysis.

![Fragmentation of AcTpepK--seco B adduct after NaBH~4~ reduction. (A) MS^2^ of unmodified AcTpepK (*m*/*z* 421.8 \[M + 2H\]^2+^) using 30% normalized collision energy. (B) MS^2^ of AcTpepK + seco B (=SB) adduct (*m*/*z* 622.9 \[M + SB + 2H\]^2+^). Characteristic neutral loss (*m*/*z* 390 = @) fragmentation ion of seco B-modified AcTpepK after reduction is observed at *m*/*z* 427.9. 321.7 = \[*y*~7~ + SB -- @ + 2H\]^2+^, 371.4 = \[*y*~8~ + SB -- @ + 2H\]^2+^, 374.2 = *y*~4~, 427.9 = \[M + SB −@ + 2H\]^2+^, 514.4 = *y*~5~ + SB -- @, 571.4 = *y*~6~ + SB -- @, 642.5 = *y*~7~ + SB -- @, 741.6 = *y*~8~ + SB -- @, 842.6 = M. (C) DDNL MS^3^ of *m*/*z* 427.9 \[M + SB -- @ + 2H\]^2+^ using 35% normalized collision energy aided identification of covalent modification to peptides. 212.9 = *b*~2~, 284.0 = *b*~3~, 303.1 = *y*~3~, 321.8 = \[*y*~7~ + SB -- @ + 2H\]^2+^, 371.4 = \[*y*~8~ + SB -- @ + 2H\]^2+^, 374.2 = *y*~4~, 481.4 = *b*~5~ + SB -- @, 514.4 = *y*~5~ + SB -- @, 571.4 = *y*~6~ + SB -- @, 642.5 = *y*~7~ + SB -- @, 741.5 = *y*~8~ + SB -- @.](tx-2014-00229h_0009){#fig9}

Proteomics Assay of Seco B-Modified Human Serum Albumin {#sec3.6}
-------------------------------------------------------

HSA was exposed to seco B as previously described, and the protein was trypsin-digested, with the resulting peptides fractionated by SPE and subjected to LC-MS/MS ([Scheme S1](#notes-1){ref-type="notes"}). Spectra were analyzed using the automated algorithm search described in the [Materials and Methods](#sec2){ref-type="other"} section.

A total of 3600 peptide spectra were filtered under stringent criteria, covering 91% of HSA. A majority (75%) of the filtered spectra were eluted in the 10--30% CH~3~CN SPE fractions ([Table S1](#notes-1){ref-type="notes"}), which contained mostly unadducted peptides. Most of the seco B--peptide adducts identified were contained in the 60% CH~3~CN SPE fraction and are listed in Table [1](#tbl1){ref-type="other"}. All the precursor masses of seco B-modified peptides have an accuracy of \<10 ppm mass error. K-223 seems to be the most frequently modified position by oxysterols, based on the number of spectral counts.

###### Combined List of HSA--Secosterol Adduction Sites Analyzed by High Resolution FTMS[a](#tbl1-fn1){ref-type="table-fn"}

  sequence                 sites   precursor, *m*/*z*   charge   mass error, ppm
  ------------------------ ------- -------------------- -------- -----------------
  ^1^DAHK\*SEVAHR          K4      517.9285             3        6.5
  ^187^DEGK\*ASSAK         K190    647.8977             2        1.1
  ^182^LDELRDEGK\*ASSAK    K190    641.0491             3        3.7
  ^191^ASSAK\*QR           K195    575.3854             2        2.7
  ^191^ASSAK^&^QR          K195    566.3806             2        3.6
  ^196^QRLK\*C^\#^ASLQK    K199    817.5283/545.3542    2/3      3.4/2.7
  ^198^LK\*C^\#^ASLQK      K199    675.4467/450.6332    2/3      1.6/0.9
  ^198^LK^&^C^\#^ASLQK     K199    444.6304             3        2.5
  ^414^K\*VPQVSTPTLVEVSR   K414    681.4367             3        4.0
  ^433^VGSK\*C^\#^C^\#^K   K436    620.8777             2        --5.5
  ^525^K\*QTALVELVK        K525    766.0295             2        2.3
  ^525^KQTALVELVK\*HKPK    K534    506.0964             4        6.8

HSA was treated with either seco A or seco B followed by NaBH~4~ reduction. SPE fractionation was performed [Supporting Information](#notes-1){ref-type="notes"} Scheme 1). The majority of unmodified peptides were contained in the 30% MeCN fraction ([Supporting Information](#notes-1){ref-type="notes"} Table 1). All the identified adducted peptides were found in the 60% MeCN fraction. Based on MS/MS fragmentation patterns, the final form of secosterol was identified as seco B or its dehydrated products. A separate list of adducted peptides is shown in [Supporting Information](#notes-1){ref-type="notes"} Table 2. The same sites have been modified by both electrophiles repeatedly. Identified peptides were further confirmed by DDNL MS^3^. The mass accuracy and peptide fragmentation assignments are in good agreement with their covalent modification and sites. K\* represents a seco B imine adduct on lysine. K^&^ is a dehydrated adduct on lysine. C^\#^ is a carbamidomethyl modification on cysteine.

As observed in our model studies, the seco B-Lys adducts of tryptic serum albumin peptides yielded a diagnostic fragmentation pattern in the MS^2^ spectra that corresponds to the loss of 390 Da (the seco B core) (Figure [10](#fig10){ref-type="fig"} and [Figure S8](#notes-1){ref-type="notes"}). This neutral loss can be used as a signature fragment for seco B--Lys adducts. Furthermore, this characteristic neutral loss ion can be incorporated into DDNL^[@ref52]^ LC-MS^n^ analysis to identify seco B--Lys adducts in more complex mixtures of proteins/peptides. The residual peptide modification of *m*/*z* = +12 Da (due to the partial fragmentation of seco B) was observed in the resulting MS^3^ spectra. All MS^3^ spectra were extracted separately using an MS Converter^[@ref42]^ to generate mzXML for Myrimatch searching; the peptides are indeed identified as the same peptide sequences identified by the MS^2^ spectra ([Table S2](#notes-1){ref-type="notes"}).

![Characteristic MS^2^ of seco B-Lys adduct and DDNL MS^3^ spectra. HSA-seco B adducted peptide after NaBH~4~ reduction. The (A) and (B) spectra are summarized in the head table. Green dotted lines denote precursor ions of the adducted peptides. *b* and *y* ions are in purple and blue, respectively. (A) MS^2^ spectrum of LK(402)C(57)ASLQK, which is modified with seco B on Lys-199. As illustrated in Figure [9](#fig9){ref-type="fig"}, the characteristic 390 neutral loss fragment ion is observed at *m*/*z* = 480.42 (\[peptide +2H + seco B -- 390\]^2+^). (B) The subsequent DDNL MS^3^ spectrum of *m*/*z* 480.42 provides further evidence of seco B adduction at Lys-199 in the same sequence with a shift of +12 *m*/*z* units after loss of 390 \[LK(12)C(57)ASLQK\].](tx-2014-00229h_0010){#fig10}

Seco A-Modified Human Serum Albumin {#sec3.7}
-----------------------------------

The picture of seco A adduction has the potential to be more complicated than that of seco B, as described previously and outlined in Figure [6](#fig6){ref-type="fig"}. Nevertheless, a study of HSA--seco A adduction was performed, evaluating SPE as a method of enrichment to aid in probing the sites of seco A modification. Seco A--protein adduction was carried out overnight at room temperature at 5-fold lower concentration than the aforementioned seco B--protein adduction. Whether seco A adduction occurs prior to aldol isomerization or vice versa, the identified modified peptides correspond to seco B--Lys adducts exhibiting ions in the MS^2^ spectra resulting from the signature 390 neutral loss, as shown in Figure [10](#fig10){ref-type="fig"}. MS^3^ data generated from DDNL match the peptide sequences identified with the MS^2^ spectra. There are no other significant adducts observed except the dehydrated form of previously identified modified peptides ([Table S2](#notes-1){ref-type="notes"}). This experiment verifies SPE as an effective method to enrich complex mixtures in sterol-modified peptides and also confirms the characteristic fragmentation pattern of seco B--Lys adducts.

Discussion {#sec4}
==========

Because of the strong biological activity and electrophilic nature of several cholesterol ozonolysis products, we synthesized alkynyl analogs of several of these cholesterol-derived oxysterols and investigated their reactivity with proteins. The trend in protein reactivity was the following: *a*-seco A ≈ *a*-seco B ≫ *a*-CholEp \> *a*-7-ketoChol, with alkynyl secosterols A and B yielding significantly more protein adduction than the other oxysterols tested. These results agree with previous work demonstrating secosterol modification of various specific proteins.^[@ref21]−[@ref26]^ Also supporting our results is a prior study that reported low reactivity of 5,6-cholesterol epoxides with amine and thiol nucleophiles.^[@ref44]^

The dehydration product seco A--H~2~O has been identified in atherosclerotic arteries, along with seco A and seco B, but the reactivity of seco A--H~2~O with nucleophiles remains unexplored.^[@ref37]^ Five pieces of experimental evidence suggest the potential involvement of secosterol dehydration products in the overall scheme of secosterol reactivity: (1) Seco A loses a water molecule in the presence of catalytic *N*-acyl lysine, forming a dehydration product upon incubation at 37 °C. (2) Incubation of seco A in the presence of cyt *c* results in secosterol adduction at a histidine residue of cyt *c* (His-33); however, reaction of histidine with seco A was unexpected, as seco A does not contain a typical histidine-reactive electrophile (e.g., a Michael acceptor). (3) Seco A--H~2~O and seco B--H~2~O (I and II) modify cyt *c* after incubation at 37 °C for 24 h. (4) Both seco A and seco A--H~2~O modify model peptide AcTpepH at the histidine residue, and the MS^2^ spectra of the resulting adducts show the same fragment ions and isotope distributions. (5) The alkynyl analog *a*-seco A--H~2~O afforded a comparable amount of protein modification to the precursor secosterol *a*-seco A when using HSA as a model protein. Taken together, these results demonstrate that secosterols can dehydrate under mild conditions, and the resulting dehydration products are protein reactive, presumably via the α,β-unsaturated carbonyl. The presence of this Michael acceptor expands the reactivity of cholesterol-derived secosterols, enabling reaction with histidine nucleophiles. We note that a study of cyt *c* modification with *trans*,*trans*-2,4-decadienal identified His-33 adducts, affording mass increases indicative of Schiff base formation rather than Michael addition.^[@ref53]^ Because there are multiple mechanisms that could account for the histidine--secosterol adduction we observed, we are performing additional experiments to unambiguously identify both the structure of the reactive secosterol(s) and the histidine-reactive site(s) of the identified secosterol(s).

As demonstrated by our LC-MS analyses, modification with an oxysterol conveys considerable hydrophobicity to the adducted peptide, causing the peptide--secosterol adduct to behave chromatographically more like the free oxysterol than the unmodified peptide. Methods exploiting this hydrophobicity, Folch extraction and SPE, were employed to successfully enrich a simple mixture in (nonalkynyl) secosterol-modified peptide(s). SPE enrichment was also applied to identify sites of secosterol modification in HSA, effectively removing the majority of the unmodified peptides with ≤30% CH~3~CN in water. Because SPE is typically one of the final sample cleanup steps before proteomic analysis, hydrophobic enrichment by SPE may be easily incorporated into the sample preparation workflow.

Utilizing hydrophobic enrichment in conjunction with proteomic analysis incorporating the characteristic fragmentation of secosterol--adducted peptides (neutral loss of 390 Da) may improve the likelihood of the identification of secosterol-modified peptides and proteins in complex mixtures. Additionally, developing enrichment methods that use hydrophobicity, rather than tagged analogs of the oxysterols of interest, will permit the analysis of samples of endogenous sterol oxidation products. These tools may help shed light on the link between ozone exposure and diseases associated with environmental factors.

In conclusion, *a*-seco A and *a*-seco B were the most protein-reactive cholesterol ozonolysis products in our study. These oxysterols can dehydrate (under mild conditions) to afford products containing Michael acceptors, which expands the recognized reactivity of secosterols. Furthermore, secosterol modification of peptides and proteins conveys sufficient lipophilicity to allow for hydrophobic enrichment of secosterol--peptide adducts in complex mixtures. Employing a hydrophobic enrichment method coupled with proteomic analysis incorporating the unique fragmentation of secosterol--peptide adducts may ultimately provide a more comprehensive map of proteins that are modified with secosterols. It should be noted, however, that the samples tested here are not representative of protein mixtures found in tissues and fluid samples. Experiments that extend the methods described here for single peptides and proteins to endogenous sources will undoubtedly pose additional challenges. Experiments that apply these approaches to cells in culture are ongoing and will be reported in due course.

Synthesis of secosterols and NMR spectra and additional LC-MS/MS and DDNLMS^3^ spectra of model and tryptic HSA peptides--secosterol adducts. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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CholEp

:   cholesterol-5,6-epoxide

seco A

:   secosterol A

seco B

:   secosterol B

SPE

:   solid phase extraction

HSA

:   human serum albumin

THPTA

:   tris(3-hydroxypropyltriazolylmethyl)amine

cyt *c*

:   cytochrome c

CHCA

:   α-cyano-4-hydroxycinnamic acid

DTT

:   dithiothreitol

DDNL

:   data dependent neutral loss

*a*-Chol

:   alkynyl cholesterol

*a*-seco A

:   alkynyl secosterol A

*a*-seco B

:   alkynyl secosterol B

*a*-CholEp

:   alkynyl cholesterol 5,6-epoxide

*a*-7-ketoChol

:   alkynyl 7-ketocholesterol

HNE

:   4-hydroxynonenal
